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Localization of intraflagellar transport protein IFT52 identifies
basal body transitional fibers as the docking site for IFT particles
James A. Deane*, Douglas G. Cole†, E. Scott Seeley‡, Dennis R. Diener*
and Joel L. Rosenbaum*
Intraflagellar transport (IFT) [1, 2] is a motility in Results and discussion
Chlamydomonas IFT52 and its homologswhich particles composed of at least 17
polypeptides [3–5] move underneath the flagellar The cDNA for IFT52 was cloned (see Materials and
methods) by RTPCR using primers based on peptidemembrane [1, 2]. Anterograde (outward) and
retrograde (inward) movements of these IFT microsequence [3] and EST sequences (GenBank acces-
sion number BE129072; [20]). Sequence analysis showedparticles are mediated by FLA10 kinesin-II [2, 3]
and cytoplasmic dynein DHC1b [6–8], respectively. that the IFT52 cDNA (GenBank accession number
AF420244) encodes a protein predicted to be 50,395 DaMutations affecting IFT particle polypeptides [9] or
motors result in the inability to assemble flagella [2, with a pI of 5.05. IFT52 homologs include an IFT particle
protein, OSM-6, that is required for the assembly of sen-6–8, 10–12]. IFT particles and the motors moving
them are located principally around the basal bodies sory cilia in Caenorhabditis elegans ([3, 21]; see [19] for
alignment), the opioid-downregulated NGD5 proteinas well as in the flagella [3, 7, 13, 14]. Here, we
clone the cDNA encoding one of the IFT particle from mouse [3, 22], and predicted proteins from human
(GenBank accession numbers BE879184, AW386234,proteins, IFT52, and show by immunofluorescence
that while some IFT52 is in the flagella, the majority AA237086, and W58355) and a diverse range of other
organisms with cilia or flagella including primitive proto-is found in two horseshoe-shaped rings around the
basal bodies. Immunoelectron microscopy indicates zoan parasites such as Trypanosoma (GenBank accession
number AI622984). IFT52 homologs were not presentthat IFT52 is associated with the periphery of the
transitional fibers, which extend from the distal in GenBank databases (http://www.ncbi.nlm.nih.gov/) for
organisms that lack flagella or cilia (e.g., Saccharomycesportion of the basal body to the cell membrane
and demarcate the entrance to the flagellar cereviseae and Arabidopsis). Thus, IFT52 appears to be part
of an ancient process that is intimately associated withcompartment [15–18]. This localization suggests
that the transitional fibers form a docking complex the ability to bear flagella and cilia. However, as is the
case for other IFT particle proteins whose amino acidfor the IFT particles destined for the flagellum.
Finally, the flagellaless mutant bld1 completely lacks sequences have been determined, the function of Chla-
mydomonas IFT52 and its homologs is not known.IFT52 due to a deletion in the gene encoding IFT52
[19].
Localization of IFT52
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a horseshoe-shaped ring around each basal body (Figure
1c). The region between the two basal bodies does not
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Figure 1
Immunofluorescence localization of IFT52 and
FLA10 kinesin in Chlamydomonas. (a) IFT52
staining in flagella is confined to small punctate
spots (digitally enhanced to make them more
easily visible). (b,c) IFT52 accumulates at the
basal bodies of interphase cells and (b) is
seen as a band beneath each flagellum in side
view or (c) as a pair of horseshoe-shaped
rings when viewed from the anterior of the cell.
(d,e) FLA10 kinesin also forms horseshoe-
shaped accumulations around the basal
bodies visible in (d) a side view and (e) an
anterior view. (a, inset) During mitosis, IFT52
localizes to the poles of the mitotic spindle.
(a–c) IFT52 and (d,e) FLA10 are shown in
green, or yellow when overlapping with red
tubulin staining, either (a,b,d) -tubulin or (c,e)
acetylated tubulin. (a, inset) DAPI DNA
staining is blue. The bar equals 5 m. (f) An
immunoblot of flagellar proteins shows that
the affinity-purified antibody reacts specifically
with IFT52.
label; the cytoplasm in this area is part of the “zone of The machinery for such screening is likely to be located
at the boundary between the cell body and the flagella,organellar exclusion,” which contains no cytoplasmic or-
ganelles or ribosomes. The immunofluorescence localiza- i.e., precisely where the IFT particles accumulate and
dock on the transitional fibers.tion of IFT52 near the basal bodies in interphase cells is
similar to that observed for FLA10 ([13]; Figure 1d,e),
cytoplasmic dynein DHC1b [7], and other IFT particle IFT is required for the movement of some flagellar pre-
cursors into the flagellum [25] for flagellar growth, assubunits [3, 14].
well as for maintenance due to the continual turnover of
flagellar components [26, 27, 35]. The fact that theseBy using immunoelectron microscopy, some labeling of
IFT52 was detected near IFT rafts located between the potential carriers of flagellar proteins accumulate at the
transitional fibers, along with observations that some axo-outer doublets and membrane of the flagellum (Figure
2d); however, more prominent gold labeling was seen nemal precursors also accumulate in a similar location
surrounding the basal bodies [25, 28], suggest that thesearound the basal bodies. Interestingly, IFT52 gold label-
ing was seen in sections showing the transitional fibers fibers are active in the docking of IFT particles, their
associated motor proteins, and cargoes bound for the fla-(Figure 2) and was concentrated in clusters where these
fibers meet the plasma membrane (Figure 2b,c). Transi- gellar compartment, and the fibers may be involved in
the gating of these materials into the flagellum. Thistional fibers are structures that extend from the distal end
of each triplet microtubule of the basal body to the cell region surrounding the transitional fibers forming the en-
trance to the flagella, therefore, may be the functionalmembrane, and they demarcate the flagellar compartment
from the cell body cytoplasm [15–18]. These fibers have equivalent to the nuclear pore complex and may contain
polypeptides involved in sorting and admitting proteinsbeen described on basal bodies of vertebrates, mollusks,
and protozoa (see [16]), and broad structural andmechani- into the flagellar compartment.
cal roles have been suggested for them [16, 17].
Lack of IFT52 in bld1 mutants
Because a mutation that disrupts expression of anotherCilia and flagella form cytoplasmic compartments separate
from the rest of the cell body. The distinct protein compo- IFT particle protein, IFT88, results in cells that cannot
assemble flagella [9], the localization of IFT52 was exam-sition of the flagellar membrane and axoneme implies
that protein sorting occurs to control which proteins enter ined in several flagellaless mutants (bld1–7). A normal
distribution of IFT 52 was found in bld3, 4, 5, 6, and 7the flagellum. As is true for other organelles, there is now
evidence for peptide sequences that target proteins to (data not shown), but IFT52 fluorescence could not be
observed in bld1 (Figure 3a), nor could IFT52 be detectedthe flagellar membrane [23] or to an accessory flagellar
structure called the paraflagellar rod in trypanosomes [24]. on immunoblots of bld1 cells (Figure 3e). On the other
hand, FLA10-kinesin was located in the usual horseshoe-Together these observations indicate that there is a mech-
anism to sort or screen proteins entering the flagellum. shaped pattern around the basal bodies in bld1 cells (Fig-
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Figure 2
Silver-enhanced immunogold labeling of IFT52. (a–d) Immunoelectron transitional fibers, particularly (b–d, arrows) where these fibers interact
microscopy with anti-IFT52 antibodies demonstrates that IFT52 encircles with the membrane, and was also detected (d, arrowheads) in the
the basal bodies (indicated by “b”). IFT52 is associated with flagellum (indicated by “f”) near IFT rafts. The bar equals 0.2 m.
ure 3b). In bld2 cells, which lack normal basal bodies to Localization of IFT polypeptides during mitosis
IFT52 remains associated with the basal bodies through-varying degrees [29], IFT52 was localized at the apical
end of the cell but, as previously seen with FLA10 [3], in out the cell cycle and is observed at the spindle poles
during mitosis (Figure 1a, inset). However, IFT52 proba-a more diffuse fashion than the horseshoe-shaped pattern
present in wild-type or other bld cells with normal basal bly does not participate in mitosis because bld1 cells lack
detectable IFT52 (Figure 3a,e) and yet undergo appar-bodies (Figure 3c,d). In the accompanying paper [19],
bld1 is shown to have a deletion in the gene encoding ently normal mitosis. Similarly, mutants in several other
IFT polypeptides have been reported for ChlamydomonasIFT52, thereby explaining the lack of this protein in bld1
cells and verifying that IFT52 is essential for flagellar (e.g., ift88 [9]) and C. elegans (e.g., osm-6 [21] and osm-5
[30]) and yet no mitotic defects have been observed inassembly.
Figure 3
Immunofluorescence localization of IFT52 in
bld1 and bld2 cells. (a,b) bld1 and (c,d)
bld2 cells were stained with antibodies to
IFT52 or FLA10, as indicated, and -tubulin.
Note (a) the absence of IFT52 in bld1 cells,
whereas (b) FLA10 appears normal
(arrowheads). IFT52 is present at the anterior
of the bld2 mutant (c,d, arrowheads), but the
discrete horseshoe shape is not visible. Colors
are as in Figure 1. The bar equals 10 m in
(a) and (b) and 5 m in (c) and (d). (e)
Immunoblot of wild-type (wt), bld2, and bld1
cells shows IFT52 is present in wild-type and
bld2 cells but not bld1 cells. Equal numbers
of wild-type, bld2, or bld1 cells were loaded
in each lane.
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Figure 4 intensely for IFT52 (Figure 4a,b). IFT52 fluorescence,
however, becomes more diffuse as the flagella continue
to lengthen (Figure 4d) until, in the full-length flagella,
IFT52 fluorescence is comparatively weak. Quantifica-
tion has shown that total IFT52 fluorescence remains
constant in regenerating flagella (35). The pool of IFT52
at the basal bodies is not noticeably depleted during re-
generation (Figure 4c). During flagellar growth the fla-
gella initially elongate rapidly, but as the flagella lengthen,
the rate of growth decreases. The dilution of IFT particles
as flagella elongate may be in part responsible for the
decrease in the flagellar growth rate that occurs as the
flagella lengthen (35).
Conclusions
IFT52 is likely to be a universal component of the IFT
process required for the formation and maintenance of
eukaryotic cilia and flagella. The localization of IFT52 at
Immunofluorescence localization of IFT52 during flagellar regeneration. the distal end of transitional fibers suggests that compo-
Cells were deflagellated and, following (a) 5, (b,c) 10, or (d) 20 nents destined for the flagellar compartment dock on
min, were stained for IFT52 (green/yellow) and -tubulin (red). (a), (b), these structures. If the transitional fibers are the dockingand (d) were exposed and processed identically to compare the
sites for IFT particles and other flagellar proteins priorrelative intensity of flagellar staining. (c) was treated identically, but
was taken in the plane of the basal bodies to show there is no to entering the organelle, control of IFT particle release
detectable depletion of the IFT52 cell body pool; the flagella are faint from these fibers will be an important area to investigate,
because they are out of the plane of focus. The bar equals 5 m. particularly in regard to flagellar assembly and length
control.
Materials and methodsthese organisms. It is, therefore, quite probable that
IFT52 gene cloningIFT52 and other IFT proteins are localized at the spindle
A degenerate PCR primer (AACATC/TAACTACTTC/TCTC/GGAGCA)
poles simply because the basal bodies/centrioles retain was designed to part of a Chlamydomonas IFT52 peptide fragment
their transitional fibers during mitosis [31, 32]. AGTNINYFLEQFGMSVNNDAVVR [3] and used in conjunction with an
oligo-dT primer to amplify cDNA representing the 3 end of an IFT52
transcript. A reverse primer (TCCGCGTCAATGTCGTTGAGTTGG)FLA10 also maintains its attachment to basal bodies when was designed to a region of the IFT52 3 cDNA sequence obtained
they act as poles for the mitotic apparatus [13], and it was and used in conjunction with a primer (CTAATGGCATGCAGTAAGGC)
designed to match the 5 end of a Chlamydomonas EST clone (GenBankhypothesized that FLA10 kinesin-II might have a role
accession number BE129072) that appeared (based on homology toin mitosis. A mutant strain with a temperature-sensitive
mouse and C. elegans genes) to represent the 5 end of the Chlamydo-defect in this motor, fla10, shows an increase in chromo- monas IFT52. This PCR reaction amplified cDNA representing the 5
some loss [33], which suggests that this kinesin plays a end of an IFT52 transcript. mRNA was purified from wild-type Chlamydo-
monas strain cc125 cells by the use of the PolyATract kit (Promega),minor role in mitosis or at least can interact with the
and cDNA was prepared with Omniscript RT (Qiagen). PCR reactionsmitotic apparatus. FLA10 localization at the spindle poles,
used the CG-Melt cDNA amplification kit (Clontech). PCR productshowever, like that of IFT52, may simply be due to the were cloned with the TOPO cloning kit (Invitrogen) and sequenced by
fact that the basal bodies retain their transitional fibers the Keck DNA sequencing facility at the Yale University Medical School.
The sequence was assembled and edited with Sequencher (Gene-and attachment to the cell surface during mitosis.
Codes).
IFT52 during flagellar regeneration in Chlamydomonas
ImmunofluorescenceIFT is essential for the assembly and maintenance of The primary antibodies used were rabbit polyclonal anti-IFT52 (generated
flagella [2, 6–8, 30, 34] and yet initially, no changes were against amino acids 248–454 of Chlamydomonas IFT52 expressed in
bacteria), a rabbit polyclonal anti-FLA10 [3], a mouse monoclonal anti-seen in IFT during flagellar growth [1]. However, the
acetylated tubulin (Sigma), and a mouse monoclonal anti--tubulinoriginal observations were made by using video-enhanced
(Sigma). For signal detection, a FITC-labeled goat anti-rabbit secondarydifferential-interference contrast microscopy, and IFT in antibody and a Texas red-labeled goat anti-mouse (Jackson Immunore-
short, regenerating flagella was masked by the birefrin- search) anitbody were used.
gent halo surrounding the cell body. For the examination
Cells were settled onto poly-L-lysine-coated coverslips for 30 s, fixed inof the distribution of IFT52 during flagellar assembly,
methanol at –20C for 20 min, and air-dried. Coverslips were blockedcells were prepared for immunofluorescence at various for 1 hr in blocking buffer (5% bovine serum albumin [BSA], 5% goat
intervals following deflagellation.The short flagellar stubs serum in phosphate-buffered saline [PBS]), incubated with primary anti-
bodies in blocking buffer for 15 hr at 4C, and washed in PBS. Coverslipsthat form after 5 and 10 min of flagellar regeneration stain
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associated with basal bodies and centrioles. J Cell Sci 1996,were blocked for 1 hr and incubated with fluorescent-labeled secondary
109:541-549.antibodies for 2 hr at 25C, washed in PBS, and mounted in Vecta-
14. Iomini C, Bebaev-Khaimov V, Sassaroli M, Piperno G: Proteinshield (Vecta Laboratories) antifade mounting media. Preparations were
particles in Chlamydomonas flagella undergo a transportphotographed on a Nikon Diaphot inverted fluorescence microscope
cycle consisting of four phases. J Cell Biol 2001, 153:13-24.
with an Image Point CCD camera (Photometrics) and the Metamorph 15. Gibbons IR, Grimestone AV: On flagellar structure in certain
software package. flagellates. J Biophys Biochem Cytol 1960, 7:697-716.
16. Ringo DL: Flagellar motion and fine structure of the flagellar
apparatus in Chlamydomonas. J Cell Biol 1967, 33:543-571.Immunoelectron microscopy 17. Weiss RL, Goodenough DA, Goodenough UW: Membrane
Chlamydomonas cells were fixed in 0.5% glutaraldehyde and embedded particle arrays associated with the basal body and with
in LR Gold resin (London Resin Company), as previously described [2]. contractile vacuole secretion in Chlamydomonas. J Cell Biol
Ultrathin sections were collected on formvar-coated nickel grids, blocked 1977, 72:133-143.
for 1 hr with 2% BSA, 0.1% BSA-c (Aurion), and 1% goat serum in 18. Preble AM, Giddings TH Jr, Dutcher SK: Extragenic bypass
suppressors of mutations in the essential gene BLD2 promotePBS and incubated in anti-IFT52 antibody (1:50) in incubation buffer
assembly of basal bodies with abnormal microtubules in(0.1% BSA-c in PBS) for 15 hr at 4C. Grids were washed in several
Chlamydomonas reinhardtii. Genetics 2001, 157:163-181.changes of incubation buffer and incubated for 4 hr at 25C with ul-
19. Brazelton W, Amundsen C, Silflow C, Lefebvre PA: The bld1trasmall gold-conjugated goat anti-rabbit antibodies (Aurion) diluted
mutation identifies the Chlamydomonas OSM-61:200 in incubation buffer. Grids were washed in several changes of homologue as a gene required for flagellar assembly. Curr
incubation buffer and two changes of PBS, fixed for 5 min in 1% glutaral- Biol 2001, 11:1591–1594.
dehyde in PBS, washed in water, and silver enhanced with R-Gent SEM 20. Asamizu E, Nakamura Y, Sato S, Fukuzawa H, Tabata S: A large
(Aurion) according to the manufacturer’s instructions. Specimens were scale structural analysis of cDNAs in a unicellular green
alga, Chlamydomonas reinhardtii. I. Generation of 3433 non-stained with 2% aqueous uranyl acetate and photographed on a Zeiss
redundant expressed sequence tags. DNA Res 1999, 6:369-EM10C electron microscope.
373.
21. Collet J, Spike CA, Lundquist EA, Shaw JE, Herman RK: Analysis
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